Abstract. Staphylococcus aureus (S. aureus) causes a wide variety of infections, including S. aureus pneumonia. Resveratrol, a natural polyphenolic compound contained in several plant species, exerts various activities, including anti-bacterial and pulmonary protective activities. The aim of the present study was to evaluate the protective effect of resveratrol on a murine model of S. aureus pneumonia and to elucidate the underlying mechanisms. It was found that resveratrol significantly reduced S. aureus-induced mortality, ameliorated lung injury and decreased cytokine levels in the bronchoalveolar lavage fluid and lung tissue of S. aureus infected-mice. In addition, reverse-transcription quantitative polymerase chain reaction and western blot assays showed that resveratrol markedly decreased the mRNA and protein expression of nucleotide-binding domain and leucine-rich repeat containing gene family pyrin domain containing 3 protein (NLRP3), apoptosis-associated speck-like protein containing a C-terminal caspase recruitment domain and caspase-1. These results demonstrated that resveratrol significantly alleviates S. aureus pneumonia in mice, the possible underlying mechanism of which is associated with the inhibition of the NLRP3 inflammasome. The present study suggested that resveratrol is a potentially useful agent for the treatment of S. aureus pneumonia and S. aureus-induced infectious diseases.
Introduction
Staphylococcus aureus (S. aureus) is an important Gram-positive human pathogen that causes various diseases, including typical skin and soft-tissue infections, as well as life-threatening invasive diseases (1) . S. aureus pneumonia, characterized by localized necrosis and inflammation, is one of the most prevalent S. aureus-mediated diseases and occurs in ~13.3% of all invasive staphylococcal infections (2, 3) . However, due to the ability of S. aureus to develop resistance to a broad range of antibiotics, a decline in the efficiency of current treatments has been observed, and there is an obvious requirement for the development of novel antibiotics or therapeutic strategies against staphylococcal infections.
Recently, the innate immune pathway involving the inflammasome was demonstrated to have a key role in several diseases, including atherosclerosis (4), Alzheimer's disease (5) and type 2 diabetes (6) . The nucleotide-binding domain and leucine-rich repeat containing gene (NLR) family, pyrin domain containing 3 protein (NLRP3) inflammasome consists of the NLR family member NLRP3, the adaptor protein apoptosis-associated speck-like protein containing a C-terminal caspase recruitment domain (ASC) and the effector protein caspase-1 (7) . The NLRP3 inflammasome has been demonstrated to be activated in response to a broad range of exogenous and endogenous stimuli, including infecting microorganisms such as Sendai virus (8) , adenovirus (9) and Candida albicans (10) , as well as S. aureus (11) , and Shigella flexneri (12) . Furthermore, S. aureus α-hemolysin was demonstrated to induce interleukin (IL)-1β secretion and caspase-1 activation in human and mouse monocytic cells through the NLRP3 inflammasome (13) . Furthermore, the activation of NLRP3 was found to have a key role in a murine model of severe pneumonia induced by S. aureus α-hemolysin (14) , suggesting the NLRP3 inflammasome as a potential target for pharmacologic interventions in severe S. aureus pneumonia.
Resveratrol (3,5,4'-trihydroxystilbene or 3,5,4'-stilbenetriol) is a natural polyphenolic compound contained in several plant species, such as grapes, berries and peanuts (15) . Resveratrol has been shown to have various activities, including an-inflammatory (16), anti-bacterial (17) and anti-oxidant effects (18) . Furthermore, resveratrol has also been demonstrated to exert an anti-inflammatory effect on S. aureus-induced keratitis by decreasing cell surface Toll-like receptor 2 and downregulating the expression of IL-8 (19) . A previous study found that resveratrol protects S. aureus-induced lung inflammation in human lung epithelial cells (20) . These findings suggested that resveratrol may be effective in ameliorating S. aureus pneumonia. In addition, numerous studies have indicated that resveratrol inhibits the activation of NLRP3-mediated inflammation in serious diseases, such as myocardial ischemia/reperfusion injury (21), metaflammation (22) and chronic kidney disease (23) . Thus, in the present study, it was hypothesized that resveratrol ameliorates S. aureus-induced pneumonia. Furthermore, it was investigated whether resveratrol exerts this effect via inhibition of the activation of the NLRP3 inflammasome pathway. ). The infected mice were subcutaneously administered PBS or 30 mg/kg resveratrol 2 h after infection and then at 12 h intervals. The mice were housed at 30˚C with 45-75% humidity. Mice had free access to food and water with a 12 h light/dark cycle. The mortality was monitored over a 72-h time course.
Materials and methods

Reagents
All animal studies were performed according to the experimental practices and standards developed by the Animal Welfare and Research Ethics Committee of Zhangjiagang City Jingfeng People's Hospital (Suzhou). The experimental protocols were approved by the animal care committee of Zhangjiagang City Jingfeng People's Hospital (Suzhou).
Hematoxylin and eosin (H&E) staining analysis.
Lungs were removed and fixed at room temperature in 10% formalin for one day. Formalin-fixed tissues were processed, paraffin-embedded, thin sectioned (5 µm), stained with H&E (hematoxylin for 5 min and eosin for 20 sec at room temperature) and visualized by light microscopy (Olympus, Tokyo, Japan). A total of 9 mice were used for H&E analysis.
ELISA. Bronchoalveolar lavage fluid (BALF) collection was performed twice by intratracheal instillation of 500 µl PBS. The lung tissues were then harvested and homogenized with PBS. After centrifugation (1,500 x g, 10 min, 4˚C), the supernatants of BALF and lung tissue lysates were individually used for cytokine measurements. Cytokine levels were measured using ELISA kits for interleukin (IL)-1β, IL-18 and tumor necrosis factor (TNF)-α.
RT quantitative (q)PCR. Total RNA of lung tissues was isolated using TRIzol (Takara Bio, Inc.) and DNA was removed from each RNA preparation using RNase-free DNase I (Takara Bio Inc.) according to the manufacturer's instructions. For RT, total RNA (1 µg) was reverse transcribed to first-strand cDNA in 20 µl of mixture containing 25 mM MgCl 2 (4 µl), reverse transcription 10X buffer (2 µl), 10 mM dNTP mixture (2 µl), recombinant RNase inhibitor (0.5 µl), AMV reverse transcriptase (15 µl and Oligo (dT) primers (0.5 µg; RNA PCR kit; cat. no. RR019B; Takara Bio, Inc.). The reaction conditions were as follows: 42˚C for 60 min followed by 95˚C for 5 min. qPCR was performed using a 7000 Sequence Detection System (Applied Biosystems; Thermo Fisher Scientific, Inc., Waltham, MA, USA) using SYBR Premix Ex Taq (Takara Bio, Inc.) according to the manufacturer's protocol. GAPDH is used as an internal control. The PCR reaction system contained 2 µg template cDNA, ligase, dNTP, buffer 10x buffer, 200 µmol/l of each dNTP, 20 pmol of each primer, 1.5 mmol/l Mg2+ and nuclease-free water. PCR was performed using the following program: 94˚C for 5 min, followed by 30 cycles of 94˚C for 30 sec, 58˚C for 60 sec and 72˚C for 45 sec. Primers used in this study are listed in Table I . The relative expressions were calculated using the 2 -ΔΔCq method (25) .
Western blot analysis. Total protein extraction of mouse lung tissues was performed for western blot analysis using lysis buffer (10 mM Tris-HCl, 1 mM EDTA, and 250 mM sucrose, pH 7.4, containing 15 µg/ml aprotinin, 5 µg/ml leupeptin, 0.1 mM phenylmethanesulfonyl fluoride, 1 mM NaF and 1 mM Na 3 VO 4 ). A total of 20 mg protein was separated 12% SDS-PAGE and transferred onto polyvinylidene fluoride membranes (Millipore, Billerica, MA, USA). Membranes were incubated with primary antibodies, including antibodies against NLRP3 (1:1,000 dilution), ASC (1:1,000 dilution), Caspase-1 (1:300 dilution), pro-Caspase-1 (1:300 dilution, ERP16883; Abcam, Cambridge, MA, USA) and GAPDH (1:500 dilution) overnight at 4˚C. Subsequent to secondary antibody incubation with horseradish peroxidase-conjugated goat anti-rabbit IgG H&L (1:10,000; ab97051; Abcam) for 2 h at room temperature, immunoreactive bands were visualized by incubation with lumiGLO reagent (Cell Signaling Technologies, Inc.) and exposed to X-ray film according to the manufacturer's instructions. Relative quantitation of western blots was performed with normalization to the amount of GAPDH protein levels.
Statistical analysis. The experimental data were assessed using an independent Student's t-test with SPSS 13.0 statistical software (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
Resveratrol protects mice from S. aureus infection.
To evaluate the effectiveness of resveratrol on S. aureus pneumonia, mice were intranasally administered S. aureus at a lethal dose. As displayed in Fig. 1 , the mortality rate of S. aureus-infected mice treated with resveratrol was significantly lower than that of those treated with PBS (P<0.05 at 24 and 72 h and P<0.01 at 48 h). These results suggested that resveratrol protects against S. aureus infection at a lethal dose.
Resveratrol alleviates S. aureus pneumonia in mice.
To investigate the effect of resveratrol treatment on pneumonia-associated lung injury and pathological changes, histopathological analysis of the lungs was performed at 24 h after infection. H&E staining demonstrated that S. aureus infection induced severe alveolar destruction and massive inflammatory cell aggregation in the lung tissue ( Fig. 2A) , while treatment with resveratrol obviously reduced these changes in the lung tissue (Fig. 2B) . These results suggested that resveratrol alleviated S. aureus pneumonia in mice. Similar results were also observed in the lung tissues ( Fig. 3D-F) . These results indicated that resveratrol treatment decreases the inflammatory response by reducing the production of inflammatory cytokines in mice with S. aureus pneumonia.
Resveratrol decreases inflammatory cytokine production in
Resveratrol inhibits the activation of the NLRP3 inflammasome in S. aureus-infected mice.
To analyze the impact of resveratrol on the NLRP3 inflammasome in the lungs of infected mice, RT-qPCR and western blot analyses were Table I . Primer sequences used for polymerase chain reaction in the present study.
NLRP3, NLR family pyrin domain containing 3 protein; ASC, apoptosis-associated speck-like protein containing a C-terminal caspase recruitment domain. used to estimate their expression in lungs of pneumonia model mice at 24 h after S. aureus infection. As illustrated in Fig. 4A -C, the mRNA expression levels of NLRP3, ASC and caspase-1 in the lungs were obviously increased in S. aureus-infected mice in comparison with mice in the DU 1090 group indicating the activation of the NLRP3 inflammasome. Furthermore treatment with resveratrol significantly decreased the mRNA levels of NLRP3, ASC and caspase-1 in this animal model. In addition, western blot analysis revealed that S. aureus significantly increased the protein levels of NLRP3 and ASC compared with the PBS treated DU 1090 infected group, and stimulated the activation of caspase-1 (Fig. 4D) , which was attenuated by the treatment with resveratrol. These results demonstrated that resveratrol inhibited the activation of the NLRP3 inflammasome in the lungs of S. aureus-infected mice.
Discussion
To the best of our knowledge, the present study was the first to demonstrate that resveratrol exerts a protective effect against lung injury in a murine model of S. aureus pneumonia, and that the effect is probably associated with the reduction of the inflammatory response and inhibition of the NLRP3 inflammasome.
Increasing evidence indicated that certain natural products protect mice from S. aureus pneumonia (26) (27) (28) . A previous study demonstrated that resveratrol had obvious anti-bacterial activities against clinical isolates of methicillin-resistant S. aureus (29) . Similarly, the present results showed that treatment with resveratrol significantly reduced the mortality in a murine model of S. aureus pneumonia. Consistent with a previous study (26) , the histopathology results showed that S. aureus induced severe alveolar destruction and massive inflammatory cell aggregation in the lung. Of note, resveratrol significantly ameliorated S. aureus-induced lung injury in mice, suggesting a protective effect of resveratrol against S. aureus pneumonia in mice.
S. aureus pneumonia induces a strong host inflammatory reaction, which causes rapid and excessive recruitment of inflammatory cells (30) . The present study found that pro-inflammatory cytokines, including IL-1β, IL-18 and TNF-α, were increased in the BALF and lungs. However, resveratrol obviously reduced the elevated levels of IL-1β, IL-18 and TNF-α in the BALF and lungs induced by S. aureus infection in mice. These results suggested that resveratrol may have therapeutic potential by reducing the inflammatory response in mice with S. aureus-infected lung tissues.
Several studies reported that the NLRP3 inflammasome has a crucial role in the host immune response to S. aureus and may be an important target pathway for the treatment of S. aureus pneumonia (14, 31) . In accordance with this, the present study found that resveratrol treatment decreased the mRNA and protein expression of NLRP3, ASC and caspase-1 in the lung tissue of mice with S. aureus pneumonia. As is known, activation of the NLRP3 inflammasome promotes the cleavage and activation of caspase-1, which in turn is a central stimulator of the pro-inflammatory cytokines IL-1β and IL-18, resulting in inflammation (32, 33) ; this is consistent with the results of the present study regarding pro-inflammatory cytokine secretion observed in BALF and lung tissues in mice infected with S. aureus. Collectively, these results suggested that resveratrol exerts a protective effect against S. aureus pneumonia, probably via suppression of the NLRP3 inflammasome. However, further study required to clarify the precise mechanism by which resveratrol inhibits the activation of the NLRP3 inflammasome.
In conclusion, the present study demonstrated that resveratrol alleviated S. aureus pneumonia in mice by inhibiting NLRP3-mediated inflammation. The results suggested that resveratrol is a potentially useful agent for the treatment of S. aureus pneumonia and associated infectious diseases.
